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OPTICAL SIGNAL MODULATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. application Ser.
No. 13/055,126, filed Jan. 20, 2011, which is a National
Stage of PCT Application No. PCT/EP2008/061881, filed
Sep. 8, 2008, which applications are hereby incorporated
herein by reference in their entireties. This application
claims priority under 35 U.S.C. §119 to FEuropean Patent
Application No. 08161561.9, filed Jul. 31, 2008, which is
hereby incorporated herein by reference in its entirety.

TECHNICAL FIELD

The invention relates to a 2”-quadrature amplitude modu-
lation (QAM) optical modulator, a method of 2”-quadrature
amplitude modulation, and optical signal transmission appa-
ratus comprising the 2”-QAM optical modulator.

BACKGROUND

Quadrature amplitude modulation with 16 levels (16-
QAM) is one of the candidate modulation formats for 100
Gigabit/s (Gbit/s) transmission into optical fibre. It encodes
four bits on a constellation of sixteen points, with four
different amplitude values of both the in-phase and quadra-
ture components of the transmitted signal. When consider-
ing a polarization-diversity 16-QAM format for the trans-
mission of 100 Gbit/s, the required symbol-rate for the
transmitter is 12.5 Gbaud. Even at this reduced symbol-rate,
the generation of multi-level driving signals can be compli-
cated. Further complication arises from the necessity of
applying differential digital encoding to the optical signal
before optical modulation, to solve the m/2 phase ambiguity
of'the QAM constellation which would otherwise arise when
estimating the carrier phase at the receiver.

There are four known 16-QAM transmitter/modulator
schemes, as follows. The first comprises a conventional
in-phase/quadrature (I-Q) modulator in which each of the
in-phase and quadrature components is a four-level signal
that can be obtained by using a four-level driving voltage.
Despite the simplicity of the optical scheme, the requirement
of the generation of four-level driving voltages makes the
transmitter less attractive for the implementation of 100
Gbit/s systems.

A second scheme comprises a single dual-drive Mach
Zehnder modulator (MZM), as reported in K.-P. Ho and
H.-W. Cuei, “Generation of arbitrary quadrature signals
using one dual-drive modulator,” J. Lightwave Technol.,
vol. 23, no. 2, pp. 764-770, February 2005. The output signal
can assume any value in the complex plane by properly
choosing the driving voltages for the two MZMs. This
scheme features the simplest optical components, however,
the generation of the 16-QAM constellation requires a very
complex driving-voltage scheme with up to 16-level signals.

Athird 16-QAM transmitter structure, comprising a phase
and amplitude I-Q modulator, requiring only two-level driv-
ing voltages, has been reported in M. Seimetz, “Multi-
format transmitters for coherent optical M-PSK and
M-QAM transmission”, in Proc. ICTON’05, 2005, pp. 225-
229, paper Th.B1.5. The basic structure is similar to a
conventional 1-Q modulator but each branch also comprises
a phase modulator. In each arm, the MZM generates the two
amplitude levels {¥4, 1}, and the phase modulator (PM) sets
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the phase to zero or m, to obtain the required four-level
signals in each quadrant of the constellation diagram.

The fourth 16-QAM transmitter structure comprises two
quaternary phase shift keying (QPSK) modulators nested
inside a Mach-Zehnder interferometer having an 80:20
output combining ratio, as reported in J. M. Kahn and E. Ip,
“Carrier synchronization for 3- and 4-bit-per-symbol optical
transmission”, J. Lightwave Technol., vol. 23, no. 12, pp.
4110-4114, December 2005. This scheme achieves a
16-QAM modulation by using binary driving signals for
each QPSK modulator. However, it still requires electrical
processing of the input bit sequence to apply quadrant
differential encoding.

Lower and higher order QAM, such as quaternary ampli-
tude modulation (4-QAM) and 64-QAM, are also known for
digital data encoding, and will be referred to herein collec-
tively as 27-QAM.

SUMMARY

It is the object to obviate at least some of the above
disadvantages and provide an improved 2"-QAM optical
modulator and optical signal transmission apparatus.

According to a first aspect of the invention there is
provided a 2"-quadrature amplitude modulation optical
modulator comprising:
an optical input;

a first optical modulation apparatus configured to apply a
272 amplitude modulation scheme having 2~ constellation
points arranged in a constellation in a first quadrant of its
constellation diagram to a received optical signal; and

a second optical modulation apparatus configured to selec-
tively rotate the phase of a received optical signal,
wherein the optical input is configured to deliver an optical
signal to be modulated to one of the first and second optical
modulation apparatus, the said apparatus generating an
intermediate optical signal and further being configured to
deliver the intermediate optical signal to the other of the first
and second optical modulation apparatus,

thereby generate a modulated output optical signal having a
square constellation diagram comprising 2” constellation
points distributed across the four quadrants of the constel-
lation diagram.

The 2”"-QAM constellation diagram quadrant is thereby
set by rotating the constellation points in the first quadrant,
rather than translating them as in the nested QPSK 16-QAM
transmitter scheme. This rotation is equivalent to applying a
four quadrant differential encoding. The 2"-QAM optical
modulator thereby automatically performs quadrant differ-
ential encoding, with no additional optical components
being required to apply the encoding.

Preferably, n is an even number and is at least 4, most
preferably 4 or 6, the constellation points of the first optical
modulation apparatus being arranged in a substantially
square constellation. A 16-QAM or 64-QAM optical modu-
lator is therefore provided which has inherent differential
quadrant encoding.

The first quadrant is preferably quadrant I.

The first optical modulation apparatus preferably com-
prises:
an in-phase/quadrature optical modulator comprising an
optical input configured to receive an optical signal to be
modulated, an in-phase branch comprising a first optical
modulator, a quadrature branch comprising a second optical
modulator and a 7/2 phase shifter, and an optical output; and
drive apparatus configured to deliver V(2"-%)-level electrical
drive signals to the first and second optical modulators, such
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that the in-phase/quadrature optical modulator is operable to
apply the 2% amplitude modulation scheme.

A 16-QAM optical modulator therefore requires only
two-level (binary) electrical driving signals, and performs
quadrant differential encoding without requiring additional
optical components. In addition, the use of binary electrical
driving signals substantially avoids the heavy distortion
which multi-level drive signals can experience, due to
modulator bandwidth limitations and non-linearity, in high
speed transmission applications. A 64-QAM optical modu-
lator would require only four-level electrical driving signals,
and therefore requires simpler drive signals than required for
known 64-QAM optical modulators.

The first and second optical modulators preferably com-
prise Mach-Zehnder modulators. Any noise in the electrical
drive signals will therefore be substantially absorbed by the
sin® transfer function of the Mach-Zehnder modulators. The
2"-QAM optical modulator also produces generally straight
transitions between the output signal symbols which offers
the benefit of creating stable decision points for all symbol
combinations.

Preferably, n is 4 and the two-level electrical drive signals
comprise approximately 0.39 V_, where V__ is the switching
voltage of the respective Mach-Zehnder modulator, and zero
volts. The Mach-Zehnder modulators thereby generate out-
put signal amplitude levels of V5 and 1, giving the in-phase/
quadrature optical modulator an output signal symbol con-
stellation having points in quadrant I at I, (in-phase axis), Q,
(quadrature axis) locations: V3, ¥3; 1, ¥5; ¥4, 1; and 1, 1.

Preferably, the secondary optical modulation apparatus is
configured to apply a quaternary phase-shift keying modu-
lation scheme having four modulation levels of substantially
equal amplitude and 90 degree separated phases, giving the
modulation scheme a square constellation diagram having a
constellation point in each quadrant, to the received optical
signal to thereby selectively rotate the phase of the received
optical signal.

Preferably, the second optical modulation apparatus com-
prises:

a second in-phase/quadrature optical modulator comprising
an optical input, an in-phase branch comprising a third
optical modulator, a quadrature branch comprising a fourth
optical modulator and a m/2 phase shifter, and an optical
output; and

second drive apparatus configured to deliver two-level elec-
trical drive signals to the third and fourth optical modulators,
the electrical drive signals being of different voltages than
the electrical drive signals to the first and second optical
modulators, such that the second optical modulation appa-
ratus applies a quaternary phase-shift keying modulation
scheme having four modulation levels of substantially equal
amplitude and 90 degree separated phases, giving the modu-
lation scheme a square constellation diagram having a
constellation point in each quadrant, to the received modu-
lated optical signal.

Output signal symbols at constellation points in quadrant
1 are thereby respectively left in quadrant I or rotated to
quadrant IL, III or IV of the constellation diagram.

The third and fourth optical modulators preferably com-
prise Mach-Zehnder modulators.

The two-level electrical drive signals to the third and
fourth optical modulators preferably comprise V,, where V_,
is the switching voltage of the respective Mach-Zehnder
modulator, and zero volts. The third and fourth Mach-
Zehnder modulators thereby generate output signal ampli-
tude levels of -1 and 1, giving the second in-phase/quadra-
ture optical modulator a constellation diagram comprising
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four constellation points at I, (in-phase axis), Q, (quadrature
axis) locations: 1, 1; 1, -1; -1, -1, -1, 1.

This rotation is equivalent to applying a four quadrant
differential encoding. The second in-phase/quadrature opti-
cal modulator thereby inherently applies quadrant differen-
tial encoding to the modulated optical signal.

Preferably, the optical output of the in-phase/quadrature
optical modulator is coupled to the optical input of the
second in-phase/quadrature optical modulator, thereby cas-
cading the optical modulators.

The first and second drive apparatus preferably each
comprise first and second drivers respectively driving each
Mach-Zehnder modulator. Alternatively, the first and second
drive apparatus may be provided as a single device.

The second optical modulation apparatus may alterna-
tively comprise a phase modulator configured to selectively
rotate the phase of the received signal by zero degrees, 90
degrees, 180 degrees, or 270 degrees. This rotation is
equivalent to applying a four quadrant differential encoding.
The phase modulator thereby inherently applies quadrant
differential encoding to the modulated optical signal.

The 2”-quadrature amplitude modulation optical modula-
tor may further comprise a differential encoder operable to
apply differential encoding to the first two bits of the n bits
of a data symbol generated by the 2”-quadrature amplitude
modulation optical modulator.

According to a second aspect of the invention there is
provided optical signal transmission apparatus comprising:
an optical source having an optical output and being oper-
able to generate an optical data signal; and
a 2"-quadrature amplitude modulation optical modulator
according to the first aspect of the invention,
the optical output of the optical source being coupled to the
first optical modulation apparatus.

The optical signal transmission apparatus thereby inher-
ently applies quadrant differential encoding to a transmitted
optical signal, with no additional operations being required
to achieve the encoding.

According to a third aspect of the invention there is
provided a method of 2”-quadrature amplitude modulation
comprising the steps:

a) receiving an optical signal to be modulated;

b) generating an intermediate optical signal by applying to

the received optical sign one of:

a. a 2" amplitude modulation scheme having 2” con-
stellation points arranged in a constellation in a first
quadrant of its constellation diagram to the optical
signal; and

b. a selective phase rotation to the optical signal to
selectively rotate the phase of the optical signal; and

¢) applying to the intermediate optical signal the other of

a. and b., to thereby generate an output optical signal

having a constellation diagram comprising 2” constel-

lation points distributed across the four quadrants of the
constellation diagram.

The method inherently applies quadrant differential
encoding during modulation of an optical signal, with no
additional processing steps being required in order to
achieve the required encoding.

Preferably, n is an even number and is at least 4, most
preferably 4 or 6, the constellation points being arranged in
a substantially square constellation.

Preferably, applying a. comprises:

1. delivering the optical signal to an in-phase/quadrature
optical modulator comprising an optical input config-
ured to receive an optical signal to be modulated, an
in-phase branch comprising a first optical modulator, a
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quadrature branch comprising a second optical modu-
lator and a 7/2 phase shifter, and an optical output; and

II. delivering V(2"2)-level electrical drive signals to the

first and second optical modulators, such that the in-
phase/quadrature optical modulator applies a 272
amplitude modulation scheme having 2% constellation
points arranged in a square constellation in the first
quadrant of its constellation diagram to the received
optical signal.

16-QAM optical modulation therefore requires only the
use of two-level (binary) electrical driving signals, thereby
performing quadrant differential encoding without requiring
additional processing steps. In addition, driving the first and
second optical modulations with binary electrical driving
signals substantially avoids the heavy distortion which
multi-level drive signals can experience, due to modulator
bandwidth limitations and non-linearity, in high speed trans-
mission applications. 64-QAM optical modulation using the
present method requires only four-level electrical driving
signals, and similarly inherently performs quadrant differ-
ential encoding.

Preferably, the first and second optical modulators com-
prise Mach-Zehnder modulators, n is 4 and step 1I. com-
prises delivering two-level electrical drive signals of
approximately 0.39 V_, where V__ is the switching voltage of
the respective Mach-Zehnder modulator, and zero volts to
each of the Mach-Zehnder modulators.

Any noise in the electrical drive signals will therefore be
substantially absorbed by the sin® transfer function of the
Mach-Zehnder modulators. The method of 2"-QAM also
produces generally straight transitions between the output
signal symbols which offers the benefit of creating stable
decision points for all symbol combinations.

Preferably, b. comprises applying a quaternary phase-shift
keying modulation scheme having four modulation levels of
substantially equal amplitude and 90 degree separated
phases, giving the modulation scheme a square constellation
diagram having a constellation point in each quadrant.

Applying the QPSK modulation scheme selectively
leaves the output signal symbols at constellation points in
quadrant I or rotates them by a desired amount to quadrant
IL, IIT or 1V of the constellation diagram.

Preferably, applying b. comprises:

i. delivering the optical signal to a second in-phase/
quadrature optical modulator comprising an optical
input configured to receive an optical signal to be
modulated, an in-phase branch comprising a third opti-
cal modulator, a quadrature branch comprising a fourth
optical modulator and a 7t/2 phase shifter, and an optical
output; and
delivering two-level electrical drive signals to the third
and fourth optical modulators, such that the in-phase/
quadrature optical modulator applies a quaternary
phase-shift keying modulation scheme having four
modulation levels of substantially equal amplitude and
90 degree separated phases, giving the modulation
scheme a square constellation diagram having a con-
stellation point in each quadrant.

Selectively rotating the phase of the optical signal is
equivalent to applying a four quadrant differential encoding.
Applying the QPSK modulation scheme thereby inherently
applies quadrant differential encoding during the modulation
of the optical signal.

Preferably, the third and fourth optical modulators com-
prise Mach-Zehnder modulators and step ii. comprises
delivering two-level electrical drive signals of approxi-
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mately V_, where V__ is the switching voltage of the respec-
tive Mach-Zehnder modulator, and zero volts to each of the
Mach-Zehnder modulators.

Applying b. may alternatively comprise delivering the
optical signal to a phase modulator and selectively applying
a phase rotation of zero degrees, 90 degrees, 180 degrees, or
270 degrees to the optical signal.

Applying the phase rotation is equivalent to applying a
four quadrant differential encoding. The method of 2"-QAM
modulation thereby inherently applies quadrant differential
encoding during modulation of the optical signal.

The method of 2”-quadrature amplitude modulation may
further comprise applying differential encoding to the first
two bits of the n bits of a data symbol generated using the
said method.

An embodiment of the invention will now be described in
detail, by way of example only, with reference to the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of a 16-QAM optical
modulator according to a first embodiment of the invention;

FIG. 2 is the constellation diagram of the first in-phase/
quadrature optical modulator (first modulation apparatus) of
the 16-QAM optical modulator of FIG. 1;

FIG. 3 is the constellation diagram of the second in-phase/
quadrature optical modulator (second modulation apparatus)
of the 16-QAM optical modulator of FIG. 1;

FIG. 4 illustrates that the product of the constellation
diagrams of FIGS. 2 and 3 produce a constellation diagram
for a square 16-QAM optical modulation scheme;

FIG. 5 illustrates the general scheme for a prior art QPSK
or 16-QAM transmitter;

FIG. 6a is a flowchart illustrating the steps of a method of
16-QAM according to a second embodiment of the inven-
tion, implemented using the 16-QAM optical modulator of
FIG. 1,

FIG. 65 is a flowchart illustrating the steps of a method of
16-QAM according to a modified form of a second embodi-
ment of the invention in which modulation of signals is
performed in reverse order;

FIG. 7 is a schematic representation of a 16-QAM optical
modulator according to a third embodiment of the invention;

FIG. 8 is a flowchart illustrating the steps of a method of
16-QAM according to a fourth embodiment of the invention,
implemented using the 16-QAM optical modulator of FIG.
7,

FIG. 94 is a schematic representation of an optical signal
transmission apparatus according to a fifth embodiment of
the invention; and

FIG. 954 is a schematic representation of an optical signal
transmission apparatus according to a modified form of the
fifth embodiment of the invention in which modulation of
signals is performed in a reverse order.

DETAILED DESCRIPTION

Referring to FIGS. 1 to 4, a first embodiment of the
invention provides a 2”-quadrature amplitude modulation
(QAM) optical modulator in the form of a 16-QAM optical
modulator 10 comprising an optical input 11, a first optical
modulation apparatus 12, and a second optical modulation
apparatus 20. In this embodiment, an optical signal to be
modulated is received by the optical input 11 and coupled to
the first optical modulation apparatus 12, which applies a
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quaternary aptitude modulation scheme to the optical signal,
generating an intermediate optical signal.

The intermediate optical signal is then delivered to the
second optical modulation apparatus 20, which is configured
to selectively rotate the phase of the intermediate optical
signal. A 16-QAM modulated optical signal is thereby
output from the optical modulator 10 which has a square
constellation diagram 19, as shown in FIG. 4, comprising 16
constellation points 16 distributed across the 4 quadrants of
the constellation diagram.

The first optical modulation apparatus 12 comprises an
in-phase/quadrature (I-Q) optical modulator 22, comprising
an optical input 24 configured to receive an optical signal to
be modulated, an in-phase branch 26, and a quadrature
branch 30. The in-phase branch 26 comprises a first optical
modulator in the form of a Mach-Zehnder modulator
(MZM) 28 driven by a first driver unit (not shown). The
quadrature branch comprises a second optical modulator in
the form of a second Mach-Zehnder modulator 32 driven by
a second driver unit (not shown), and a _phase shifter 34.
The in-phase branch 26 and quadrature branch 30 are
coupled at their output ends to form the optical output 36 of
the 1-Q modulator 22.

The first Mach-Zehnder modulator 28 is driven with
binary drive voltages (V) of approximately 0.39 V_, where
V.. is the switching voltage of the Mach-Zehnder modulator
28, and zero volts. The second Mach-Zehnder modulator 32
is similarly driven with the same binary voltage levels (V).
The Mach-Zehnder modulators 28, 32 thereby generate
output signal amplitude levels of %5 and 1, giving the I-Q
optical modulator 22 an output signal symbol constellation
14 having four constellation points 16 in quadrant I at
in-phase axis (x,) and quadrature axis (y,) locations: Y5, %4;
1, V5, Y5, 1; and 1, 1, as shown in FIG. 2.

In this embodiment, the second optical modulation appa-
ratus 20, comprises a second I-Q optical modulator 38,
comprising an optical input 40, an in-phase branch 42 and a
quadrature branch 46. The in-phase branch comprises a third
Mach-Zehnder modulator 44. The quadrature branch 46
comprises a fourth Mach-Zehnder modulator 48 and a
second /2 phase shifter 50. The optical output ends of the
in-phase and quadrature branches 42, 46 are coupled
together to form the output 52 of the second 1-Q modulator
38, which form the output of the 16-QAM optical modulator
10.

The third Mach-Zehnder modulator 44 is driven with
binary electrical drive voltages (V,,) of V_ and zero volts,
and the fourth Mach-Zehnder modulator 48 is similarly
driven with binary electrical drive signals (V ,) of V_ and
zero volts. The third and fourth Mach-Zehnder modulators
are therefore driven with different voltages to the first and
second Mach-Zehnder modulators 28, 32. The applied
binary electrical drive signals give the second I-Q modulator
38 a quaternary phase-shift keying (QPSK) modulation
scheme having 4 modulation levels of substantially equal
amplitude and 90° separation in-phase. The second I-Q
modulator 38 therefore applies a modulation scheme having
a square constellation diagram 39 comprising a constellation
16 point located in each quadrant, as shown in FIG. 3.

The general scheme of a known differential optical trans-
mitter is shown in FIG. 5. Due to the 4-fold rotation
symmetry, QAM formats suffer from a 4-fold phase ambi-
guity (multiples of 71/2) in the estimation of the carrier phase.
The optimal coding to resolve the phase ambiguity problem
in QAM with a minimum coding penalty is quadrant dif-
ferential encoding. Given a 2”-QAM format, with n even,
each symbol is represented by 2” bits. The first 2 bits are
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differentially encoded, as in the Differential QPSK format,
and represent the change in quadrant, while the remaining
bits are Gray coded in each quadrant.

In the known Phase and Amplitude [-Q and nested QPSK
modulators, two driving voltages determine the quadrant,
while the other two determine the point inside the quadrant.
Therefore, the encoder can be realized by differentially
encoding the first two bits through the same logic operations
given for a DQPSK:

b 1,k:(a1,k®az,k)' (a 1,k®b 1,k—1)+(al,k®a2,k)' (az,k@bz,kfl)

bz,k:(al,kG;az,k)' (az,keabz,k—l)+(a1,k®a2,k)' (a 1,k®b l,k—l)

The four points in each quadrant of these modulators are
respectively obtained by a reflection or translation of the
points in the quadrant 1. Quadrant differential encoding
requires that the last two bits are Gray coded in each
quadrant, with a pattern that is rotated according to the
quadrant itself. As regards the Phase and Amplitude 1-Q
modulator, the reflection can be converted into a rotation by
noting that the double reflection from quadrant I to quadrant
111 is equivalent to a rotation, while the reflection to quadrant
1T or IV can be converted into a rotation by simply swapping
the two bits. The corresponding logic operations are:

bs,k:(bl,k@bz,k)'ask*'(b 1Db2 ) aa

b4,k:(b1,k®b2,k)'a4,k+(b 1iDb2 ) as

As regards the nested QPSK modulator, the translation
can be converted into a rotation by rotating the two bits
according to the chosen quadrant. A similar operation is
performed for a DQPSK, where the preceding coded bits,
b,,., andb,, ,, are rotated according to the actual informa-
tion bits, a, , and a, ;. Therefore, the required logic opera-
tions for this modulator can be obtained by:

b3,k:(b1,k®b2,k)' (® l,k®a3,k)+(bl,k®b2,k)' (bz,k®a4,k)

b4,k:(b 1,kEE bz,k)' (bz,k®a4,k)+(b l,k@b2,k). & 1,k®a 3,k)

In 16-QAM optical modulator 10 of this embodiment,
differential encoding is applied to the first two bits (b, b,)
through the drive voltages (V,,, V,,,) applied to the first and
second Mach-Zehnder modulators 28, 32, according to the
logic operations described above. However, the effective
rotation of the constellation is diagram points 16 from
quadrant 1 18 of the constellation diagram 14 of the first [-Q
modulator 22 by the QPSK modulation scheme of the
second I-Q modulator 38 is equivalent to a four quadrant
differential encoding. The 16-QAM optical modulator 10
thereby applies four quadrant differential encoding without
requiring any additional operation to be performed on the
optical signal, i.e.:

bs,szas,k

b4,5:a4,k

In use, a method of 16-QAM modulation according to a
second embodiment of the invention is implemented using
the 16-QAM optical modulator 10, as illustrated in the flow
diagram of FIG. 6a. An optical signal to be modulated is
received by the optical input 11 of the 16-QAM optical
modulator 10, and is coupled to the optical input 24 of the
first [-Q modulator 22, which applies a quaternary amplitude
modulation scheme (4-QAM) having the constellation dia-
gram 14 shown in FIG. 2. Differential encoding is applied to
the first two bits via the drive voltages (V,,, V,,) applied to
the first and second Mach-Zehnder modulators 28, 32. The
resulting intermediate optical signal output from the first [-Q



US 9,485,030 B2

9

modulator 22 is coupled to the input 40 of the second I-Q
modulator 38, which applies a QPSK modulation having the
constellation diagram 39 as shown in FIG. 3. The phase of
the intermediate optical signal is thereby selectively rotated,
causing the constellation points of the intermediate optical
signal, as shown in FIG. 2, to be selectively rotated into each
of the remaining 4 quadrants, to therefore produce a
16-QAM modulated output optical signal having a constel-
lation diagram 19 as shown in FIG. 4.

The cascading of the two I-Q modulators 22, 38 thereby
results in an optical modulation scheme having a constella-
tion diagram 19 which is equivalent to the product of the
constellation diagram 14 of the first I-Q modulator 22 and
the constellation diagram 39 of the second I-Q modulator 38.
The first I-Q modulator 22 generates the small-square points
14 that are located in quadrant I 18, while the second I-Q
modulator 38 generates the big-square points 39, that, apart
from an irrelevant overall /4 phase rotation, correspond to
the phase rotations required to obtain the remaining
16-QAM constellations points in quadrants II, III, or IV.
Including the 7/4 phase rotation, the low-pass equivalent of
the output signal is:

Z=Xy=(x Ay ) (o)

where the time dependence of the signal is omitted for
simplicity of notation.

Referring to FIG. 7, a third embodiment of the invention
provides a 16-QAM optical modulator 60, which is substan-
tially the same as the 16-QAM optical modulator 10 of FIG.
1, with the following modifications. The same reference
numbers are retained for corresponding features.

In this embodiment, the second optical modulation appa-
ratus 20 comprises a phase modulator 62 operable to selec-
tively apply a phase rotation of 0°, 90°, 180° or 270° to the
intermediate optical signal output from the first I-Q optical
modulator 22. The phase rotation provided by the phase
modulator 62 similarly inherently applies four quadrant
differential encoding to the modulated optical signal.

A fourth embodiment of the invention provides a method
of 16-QAM implemented using the 16-QAM optical modu-
lator of FIG. 7, and illustrated in the flow chart of FIG. 8.
The method of this embodiment is substantially the same as
the method shown in FIG. 6a, with the modification that the
phase rotation is applied by the phase modulator 62 rather
than by QPSK implemented by the second [-Q optical
modulator 38.

Referring to FIG. 9a, a fifth embodiment of the invention
provides an optical signal transmission apparatus 70 com-
prising the 16-QAM optical modulator 10 of the first
embodiment and a data signal source in the form of a laser
diode 72 operable to generate an optical signal data stream
74, which is coupled to the optical input 24 of the first [-Q
optical modulator 22. The 16-QAM optical modulator 10
operates as described above to implement the method shown
in the flow chart of FIG. 64 to the optical data signal.

Various modifications may be made to the described
embodiments without departing from the scope of the pres-
ent invention, as follows. The 1-Q optical modulators of the
first embodiment may be reversed, so that the QPSK optical
modulation is applied first to the optical signal followed by
the 4-QAM optical modulation, similarly for the optical
signal transmission apparatus of the fifth embodiment. The
1-Q modulator 22 and the phase modulator 62 of the third
embodiment of the invention may similarly be reversed, so
that the phase modulator first applies the phase modulation
to the optical signal followed by the I-Q modulator applying
the 4-QAM optical modulation. FIGS. 65 and 95 illustrate
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such modifications being made to a method and implemen-
tation, respectively. It will be appreciated that the I-Q optical
modulators may be replaced by a different type of optical
modulator operable to apply the desired 4-QAM optical
modulation scheme having the constellation diagram shown
in FIG. 2.

Although the described embodiments relate to 16-QAM
optical modulators and methods of 16-QAM optical modu-
lation, it will be appreciated that the first optical modulation
apparatus may be replaced by an optical modulation appa-
ratus operable to apply a different 2”-QAM optical modu-
lation scheme, such as a 64-QAM optical modulator and
method of modulation. The electrical drive signals to the
Mach-Zehnder modulators would be correspondingly
changed, for example to 4 level drive signals in the 64-QAM
optical modulation example.

16-QAM is among the modulation format candidates for
100 Gb/s transmission into optical fibre. It is a multi-level
signal, and is not trivial to generate using conventional
optical modulators. Furthermore, quadrant differential
encoding is helpful to solve the 7/2 phase ambiguity at the
receiver but requires high speed digital processing of the
transmitted bit sequence. The 2”-QAM optical modulator of
the present invention enables a 16-QAM modulator to be
provided which requires only two-level electrical driving
signals, providing an advantage over multi-level drive sig-
nals which can be heavily distorted, due to bandwidth
limitations and non-linearity of the modulator. In addition,
the 2”-QAM optical modulator does not require additional
processing of the bit sequence in order to apply quadrant
differential encoding, which is automatically implemented
by the modulator and method of the present invention.

The invention claimed is:

1. A 2"-quadrature amplitude modulation optical modu-
lator device comprising:

a first optical modulation apparatus configured to apply a
272 amplitude modulation scheme having 2”2 constel-
lation points arranged in a first quadrant of its constel-
lation diagram to a received optical signal in order to
generate an intermediate optical signal; and

a second optical modulation apparatus configured to apply
a quaternary phase shift keying modulation scheme to
the intermediate optical signal received from the first
optical modulation apparatus to produce 2” constella-
tion points distributed across the four quadrants of the
constellation diagram,

wherein n is an even number greater than or equal to 2.

2. The 2"-quadrature amplitude modulation optical modu-
lator as claimed in claim 1, wherein n is at least 4, the
constellation points of the first optical modulation apparatus
being arranged in a substantially square constellation.

3. The 2”-quadrature amplitude modulation optical modu-
lator as claimed in claim 2, wherein n is 4 or 6.

4. The 2”-quadrature amplitude modulation optical modu-
lator as claimed in claim 3, wherein the first optical modu-
lation apparatus comprises:

an in-phase/quadrature optical modulator comprising an
optical input configured to receive an optical signal to
be modulated, an in-phase branch comprising a first
optical modulator, a quadrature branch comprising a
second optical modulator and a 7/2 phase shifter, and
an optical output; and

a drive apparatus configured to deliver V(2"-%)-level elec-
trical drive signals to the first and second optical
modulators, such that the in-phase/quadrature optical
modulator is operable to apply the 272 amplitude
modulation scheme.
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5. The 2”-quadrature amplitude modulation optical modu-
lator as claimed in claim 4, wherein the first and second
optical modulators comprise Mach-Zehnder modulators.

6. The 2"-quadrature amplitude modulation optical modu-
lator as claimed in claim 5, wherein n is 4 and the two-level
electrical drive signals comprise approximately 0.39 V_
where V_ is the switching voltage of the respective Mach-
Zehnder modulator, and zero volts.

7. A 2"-quadrature amplitude modulation optical modu-
lator device comprising:

a first optical modulation apparatus configured to apply a
quaternary phase shift keying modulation scheme to a
received optical signal in order to generate an interme-
diate optical signal; and

a second optical modulation apparatus configured to apply
a 2" amplitude modulation scheme to the intermediate
optical signal to produce 2” constellation points dis-
tributed across the four quadrants of the constellation
diagram,

wherein n is an even number greater than or equal to 2.

8. The 2”-quadrature amplitude modulation optical modu-
lator as claimed in claim 7, wherein n is at least 4, the
constellation points of the second optical modulation appa-
ratus being arranged in a substantially square constellation.

9. The 2”-quadrature amplitude modulation optical modu-
lator as claimed in claim 8, wherein n is 4 or 6.

10. The 2"-quadrature amplitude modulation optical
modulator as claimed in claim 9, wherein the second optical
modulation apparatus comprises:

an in-phase/quadrature optical modulator comprising an
optical input configured to receive an optical signal to
be modulated, an in-phase branch comprising a first
optical modulator, a quadrature branch comprising a
second optical modulator and a m/2 phase shifter, and
an optical output; and

drive apparatus configured to deliver V(27?)-level elec-
trical drive signals to the first and second optical
modulators, such that the in-phase/quadrature optical
modulator is operable to apply the 2" amplitude
modulation scheme.

11. The 2"-quadrature amplitude modulation optical
modulator as claimed in claim 10, wherein the first and
second optical modulators comprise Mach-Zehnder modu-
lators.

12. The 2”-quadrature amplitude modulation optical
modulator as claimed in claim 11, wherein n is 4 and the
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two-level electrical drive signals comprise approximately
0.39 V_ where V_ is the switching voltage of the respective
Mach-Zehnder modulator, and zero volts.
13. An optical signal transmission apparatus comprising:
an optical source having an optical output and being
operable to generate an optical signal; and
a 2"-quadrature amplitude modulation optical modulator;
and
the optical output of the optical source being coupled to

a first optical modulation apparatus of the 2”-quadra-

ture amplitude modulation optical modulator,

wherein the 2”-quadrature amplitude modulation optical
modulator device comprises:

the first optical modulation apparatus configured to
apply a 2" amplitude modulation scheme having
272 constellation points arranged in a first quadrant
of its constellation diagram to a received optical
signal in order to generate an intermediate optical
signal,

a second optical modulation apparatus configured to
apply a quaternary phase shift keying modulation
scheme to the intermediate optical signal received
from the first optical modulation apparatus to pro-
duce 2” constellation points distributed across the
four quadrants of the constellation diagram,

wherein n is an even number greater than or equal to 2.

14. An optical signal transmission apparatus comprising:

an optical source having an optical output and being
operable to generate an optical signal; and

a 2”"-quadrature amplitude modulation optical modulator;

the optical output of the optical source being coupled to

a first optical modulation apparatus of the 2”-quadra-

ture amplitude modulation optical modulator,

wherein the 2”-quadrature amplitude modulation optical
modulator device comprises:

the first optical modulation apparatus configured to
apply a quaternary phase shift keying modulation
scheme to a received optical signal in order to
generate an intermediate optical signal; and

a second optical modulation apparatus configured to apply

a 2”2 amplitude modulation scheme to the intermediate

optical signal to produce 2" constellation points dis-

tributed across the four quadrants of the constellation
diagram,
wherein n is an even number greater than or equal to 2.
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